COMBUSTION SYSTEM WITH SHUTDOWN FUEL PURGE 



CROSS-REFERENCE TO RELATED APPLICATIONS 

[0001] This application is a divisional application of U.S. Patent Application 

No. 09/969,491, filed October 2, 2001, which claims the benefit of U.S. 
Provisional Patent Application No. 60/237,971, filed October 4, 2000, each of 
which is incorporated herein by reference in its entirety. 

FIELD OF THE INVENTION 

[0002] The present invention relates generally to a gas turbine. More 

particularly, it relates to a gas turbine having a fuel purge capability. 

BACKGROUND OF THE INVENTION 

[00031 ^ ^ g^s turbine engine, inlet air is continuously compressed, mixed 

with fiiel in an inflammable proportion, and then contacted with an ignition 
source to ignite the mixture that will then continue to bum. The heat energy 
thus released then flows in the combustion gases to a turbine where it is 
converted to rotary energy for driving equipment such as an electrical 
generator. The combustion gases are then exhausted to the atmosphere after 
exchanging some of their remaining heat to the incoming air provided firom 
the compressor. 

[0004] Quantities of air in excess of stoichiometric amounts are typically 

compressed and utilized to keep the combustor liner cool and dilute the 
combustor exhaust gases so as to avoid damage to the turbine nozzle and 
blades. Generally, primary sections of the combustor are operated near 
stoichiometric conditions that produce combustor gas temperatures up to 
approximately four thousand (4,000) degrees Fahrenheit, Further along the 
combustor, secondary air is admitted that raises the air-fuel ratio and lowers 
the gas temperatures so that the gases exiting the combustor are in the range of 
two thousand (2,000) degrees Fahrenheit. 
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[0005] It is well established that NOx formation is thermodynamically favored 

at high temperatures. Since the NOx formation reaction is so highly 
temperature dependent, decreasing the peak combustion temperature can 
provide an effective means of reducing NOx emissions from gas turbine 
engines, and so can limiting the residence time of the combustion products in 
the combustion zone. Operating the combustion process in a very lean 
condition (i.e., high excess air) is a known method of achieving lower 
temperatures and hence lower NOx emissions. 

[0006] In a liquid fuel turbine system, the liquid fuel injector orifices or 

outlets are within the combustor and thus exposed to substantial heat. During 
normal operations, this does not present a problem since the flow of liquid fuel 
through the liquid fiiel injector provides a cooling effect. Further, the 
propagation of combustion along with the flow of air serves to prevent 
undesirable overheating of the liquid fuel injectors. Once operation ceases, 
however, neither liquid fuel nor air flows through the liquid fuel injectors. 
Consequently, residual heat in the combustor area can cause elevation of the 
temperature of the liquid fiiel injectors. 

[0007] In terms of the materials of which the liquid fuel injectors are 

constructed, this temperature elevation experienced upon cessation of 
operation does not present a problem. However, the presence of residual 
liquid fuel in the liquid fuel injectors at such time can cause a coking problem. 
The liquid fiiel is carbonaceous in nature and upon being heated will begin to 
undergo a destructive distillation reaction, producing a coke-like and/or tarry 
residue. 

[0008] This tendency to deposit carbon on fuel flow passages when liquid fuel 

is exposed to hot surfaces inside a gas turbine (coking) can quickly build up 
and may become severe enough so as to restrict, or even completely block, 
liquid fuel flow through the fuel injector passages. Because in small gas 
turbines the liquid fuel atomization is generally controlled by small orifices 
that are located in regions of high temperature, the coking problem is of 
particular importance. With generally small fiiel passages and atomizers, the 
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effects of coking are more pronounced in a small gas turbine and can lead to 
poor fuel flow distribution and poor atomization, resulting in increased 
emissions, reduced combustor performance, and reduced system life. 
[0009] In general, liquid fuel systems are designed so that the liquid fuel will 

not be hot enough to coke prior to injection into the combustor or into the 
premixing section of a lean pre-vaporize premix (LPP) combustor. During a 
shut down procedure, any stagnant liquid fuel left in the fuel injectors or 
passages that experiences high enough temperatures will very rapidly coke and 
lead to the aforementioned problems. The general approach to remedy this 
problem has been to purge the liquid fuel system by utilizing the engine 
pressure to push the liquid fuel out of the liquid fuel system through the 
injectors and other fuel passages. This approach may be employed when the 
engine pressure is high enough to overcome the various flow restrictions of the 
liquid fuel system, but it also results in a known amount of liquid fuel being 
discarded to the atmosphere. Further, if the engine pressure is not high 
enough, the fuel injectors and passages may not be cleared of liquid fuel, thus 
leading to coking. 

[0010] What is needed is a method of purging liquid fuel from the fuel 

injectors of a gas turbine combustor at shutdown before any portion of the fuel 
is transformed into a solid deposit by the residual heat in the combustor, and 
without discharging the purged liquid to the atmosphere. 



SUMMARY OF THE INVENTION 

[0011] In one aspect, the present invention provides a method of shutting 

down a turbine engine having a fiiel line for conducting liquid fiiel from a fuel 
supply to a combustor fuel injector, the method comprising shutting off the 
fuel supply and passing compressed gas through the fiiel line to purge fuel 
from the fuel line and the fiiel injector into the combustor. 

[0012] In another aspect, the present invention provides a turbogenerator 

comprising a turbine; a combustor for combusting fuel and compressed air to 
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generate hot gas to drive the turbine, the combustor including a fuel injector; a 
fuel line connected to the fuel injector to supply fuel to the combustor from a 
liquid fuel source; an electric generator rotationally coupled to the turbine to 
generate electric power; and a source of compressed gas selectively coupled to 
the fuel line for passing compressed gas through the fuel line after shutdown 
of the turbogenerator to piurge fuel from the fuel line and the fuel injector into 
the combustor. 

[0013] In a further aspect of the present invention, the purged fuel is 

combusted in the combustor, and an igniter in the combustor may be used to 
ignite the purged fuel in the combustor. In a yet further aspect of the 
invention, the compressed gas is regulated to control combustion of the purged 
fuel in the combustor, and the compressed gas pressure may be regulated in 
accordance with a predicted combustor pressure. 



BRIEF DESCRIPTION OF THE FIGURES 



[0014] 



Figure 1 is a perspective view, partially cut away, of a turbogenerator 
with a combustion system according to the present invention; 



[0015] 



FIG. 2 is a plan view of the combustor housing of the turbogenerator of 

FIG. 1; 



[0016] 



FIG. 3 is a sectional view of the combustor housing of FIG. 2 taken 
along line 3-3 of FIG. 2; 



[0017] 



FIG. 4 is a sectional view of the combustor housing of FIG. 3 taken 
along line 4-4 of FIG. 3; 



[0018] 



FIG. 5 is a block diagram of a power controller used with the 
turbogenerator of FIG, 1; 



[0019] 



FIG. 6 is a block diagram of the power controller of FIG. 5 including a 
dynamic brake resistor; 



[0020] 



FIG. 7 is a block diagram of a shut down bum system for the 
turbogenerator of FIG. 1; and 
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[0021] FIG. 8 is a block diagram of an alternate shut down bum system for 

the turbogenerator of FIG. 1. 

DETAILED DESCRIPTION OF THE INVENTION 

[0022] Referring to Fig. 1, integrated turbogenerator system 12 generally 

includes generator 20, power head 21, combustor 22, and recuperator (or heat 
exchanger) 23. Power head 21 of turbogenerator 12 includes compressor 30, 
turbine 31, and bearing rotor 32. Tie rod 33 to magnetic rotor 26 (which may 
be a permanent magnet) of generator 20 passes through bearing rotor 32. 
Compressor 30 includes compressor impeller or wheel 34 that draws air 
flowing from an annular air flow passage in outer cylindrical sleeve 29 around 
stator 27 of the generator 20. Turbine 31 includes turbine wheel 35 that 
receives hot exhaust gas flowing from combustor 22. Combustor 22 receives 
preheated air from recuperator 23 and ftiel through a plurality of fiiel injector 
guides 49. Compressor wheel 34 and turbine wheel 35 are supported on 
bearing shaft or rotor 32 having radially extending air-flow bearing rotor 
thrust disk 36. Bearing rotor 32 is rotatably supported by a single air-flow 
journal bearing within center bearing housing 37 while bearing rotor thmst 
disk 36 at the compressor end of bearing rotor 32 is rotatably supported by a 
bilateral air-flow thmst bearing. 

[0023] Generator 20 includes magnetic rotor or sleeve 26 rotatably supported 

within generator stator 27 by a pair of spaced journal bearings. Both rotor 26 
and stator 27 may include permanent magnets. Air is drawn by the rotation of 
rotor 26 and travels between rotor 26 and stator 27 and ftirther through an 
aimular space formed radially outward of the stator to cool generator 20. Inner 
sleeve 25 serves to separate the air expelled by rotor 26 from the air being 
drawn in by compressor 30, thereby preventing preheated air from being 
drawn in by the compressor and adversely affecting the performance of the 
compressor (due to the lower density of preheated air as opposed to ambient- 
temperature air). 
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[0024] In operation, air is drawn through sleeve 29 by compressor 30, 

compressed, and directed to flow into recuperator 23. Recuperator 23 includes 
annular housing 40 with heat transfer section or core 41, exhaust gas dome 42, 
and combustor dome 43. Heat from exhaust gas 110 exiting turbine 31 is used 
to preheat compressed air 100 flowing through recuperator 23 before it enters 
combustor 22, where the preheated air is mixed with fuel and ignited such as 
by electrical spark, hot surface ignition, or catalyst. The fuel may also be 
premixed with all or a portion of the preheated air prior to injection into the 
combustor. The resulting combustion gas expands in turbine 31 to drive 
turbine impeller 35 and, through common shaft 32, drive compressor 30 and 
rotor 26 of generator 20. The expanded turbine exhaust gas then exits turbine 
31 and flows through recuperator 23 before being discharged from 
turbogenerator 12. 

[0025] Referring to Figs. 2-4, combustor housing 39 of combustor 22 

generally comprises cylindrical outer liner 44 and tapered inner liner 46 that, 
together with combustor dome 43, form generally expanding annular 
combustion housing or chamber 39 from combustor dome 43 to turbine 31. 
Plurality of fuel injector guides 49 may position the fuel injectors 14 to 
tangentially introduce a fuel/air mixture at the combustor dome 43 end of the 
annular combustion housing 39 along the fuel injector axis or centerline 47. 
Centerline 47 includes an igniter cap to position an igniter (not shown) within 
the combustor housing 39. Combustion dome 43 is rounded out to permit the 
swirl pattern from fuel injectors 14 to fully develop and to reduce structural 
stress loads in the combustor. 

[0026] Flow control baffle 48 extends from tapered inner liner 46 into aimular 

combustion housing 39. Baffle 48 is typically skirt-shaped and may extend 
between one-third and one-half of the distance between tapered inner liner 46 
and cylindrical outer liner 44. Three rows of spaced offset air dilution holes 
52, 53, and 54 are formed in tapered inner liner 46 underneath flow control 
baffle 48 to introduce dilution air into annular combustion housing 39. The 
first two (2) rows of air dilution holes 52 and 53 (closest to fuel injector 
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centerline 47) may be the same size as one another but both are typically 
smaller than the third row of air dilution holes 54. 
[0027] In addition, two (2) rows of a plurality of spaced air dilution holes 50 

and 51 are formed in cylindrical outer liner 44 to introduce more dilution air 
downstream from flow control baffle 48. The plurality of holes 50 closest to 
flow control baffle 48 may be larger and less numerous than the second row of 
holes 51. 

[0028] Fuel may be provided individually to each fuel injector or alternatively 

a fiiel manifold may be provided to supply fuel to all three fuel injectors. The 
fuel manifold may include a fuel inlet to receive fuel from a fuel source and 
flow control valves on each fuel line from the manifold to the individual fuel 
injectors. To sustain low power operation, maintain fuel economy and low 
emissions, the flow control valves may be individually controlled to an on/off 
position (to separately use any combination of fuel injectors individually) or 
may be modulated together. The flow control valves can be opened by fuel 
pressure or their operation can be controlled or augmented with a solenoid. 

[0029] A more detailed description of a preferred combustor and fuel injector 

system can be found in United States Patent No. 5,850,732, issued December 
22, 1998 to Jeffrey W. Willis et al, entitled "Low Emissions Combustion 
System", assigned to the same assignee as this application, and hereby 
incorporated in its entirety by reference. 

[0030] The turbogenerator has a steady-state turbine exhaust temperature limit 

and is typically operated at this limit at most speeds to maximize efficiency. 
This turbine exhaust temperature limit is decreased at low ambient 
temperatures to prevent engine surge. 

[0031] Referring to FIG. 5, power controller 140 may be a digital controller, 

and enables a distributed generation power networking system by providing 
bi-directional (i.e. reconfigurable) power converters connected to common DC 
bus 154 to connect a plurality of energy generation and/or storage 
components. Each power converter 144 and 146 operates essentially as a 
customized bi-directional switching converter configured, under the control of 
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power controller 140, to provide an interface for a specific energy component 
to DC bus 154. In this manner power controller 140 controls how each energy 
component sinks or sources power to or firom DC bus 154, and thus regulates 
DC bus 154. Li this way, various energy components can be used to supply, 
store and/or use power in an efficient manner. 

[0032] The energy components may include energy source 142 which may be 

turbogenerator 12, energy load 148 which may be an utility grid, and energy 
storage device 150 which may be a battery. Energy source 142 is connected to 
DC bus 154 via power converter 144 under the control of signal processor 
145, which may be a digital signal processor (DSP). Energy load 148 is 
connected to DC bus 154 via power converter 146 xmder the control of signal 
processor 147. Energy storage device 150 is likewise connected to DC bus 
154 via power converter 152. Main CPU 149 provides supervisory operation 
of power controller 140 by controlling signal processors 145 and 147 and 
power converters 144, 146, and 152. 

[0033] Main CPU 149 provides both local control and sufficient intelligence 

to form a distributed processing system. In the case of turbogenerator 12 
operating as energy source 142, power controller 140 regulates turbine speed 
to control the power output independently of turbine speed to regulate the bus 
voltage. 

[0034] With continued reference to FIG. 5, turbogenerator 12 typically 

provides power to DC bus via power converter 144 during normal power 
generation mode. Similarly, during power generation, power converter 146 
converts the power on DC bus 154 to the form required by utility/load 148. 
During utility start up, power converters 144 and 146 are controlled by the 
main processor to operate in different modes. For example, the energy needed 
to start turbogenerator 12 may be provided by load/utility 148 (utility start) or 
by energy source 150 (battery start). During a utility start up, power converter 
146 is required to apply power fi-om load/utility 148 to the DC bus for 
subsequent conversion by power converter 144 to AC power required by 
turbogenerator 12 to start up. During utility start, turbogenerator 12 is 
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controlled in a local feedback loop to maintain the turbine revolutions per 
minute (RPM). 

[0035] Similarly, in a battery start, the power applied to DC bus 154 to start 

turbogenerator 12 is provided by energy storage device 150. Energy storage 
device 150 applies power to DC bus 154 through power converter 152, which 
allows enough power to flow to DC bus 154 to start turbogenerator 12 while 
limiting current surge. A more detailed description of a power controller 
suitable for use with the invention can be found in United States Patent 
Application No. 09/207,817, filed December 8, 1998 by Mark G. Gilbreth et 
al., entitled "Power Controller" (now U.S. Patent No. 6,487,096), assigned to 
the same assignee as this application, and hereby incorporated in its entirety 
by reference. 

[0036] Referring to FIG. 6, power controller 140 incorporates dynamic brake 

resistor 170 and associated controls. Turbogenerator 12 produces three phase 
AC power that is applied to AC-to-DC power converter 144 (labeled in FIG. 6 
as the engine control module). Power converter 144 applies DC voltage to DC 
bus 154, which is also connected to DC-to-AC power converter 146 (labeled 
in FIG. 6 as the load control module). Power converter 146 is connected to 
load 148, which may be a utility grid. 

[0037] Brake resistor 170 is connected across DC bus 154. Power in the DC 

bus can be dissipated in brake resistor 170 by modulation of switch 172. 
Voltage sensor 174 is also connected across DC bus 154 to produce DC bus 
voltage signal 176 that is compared in comparator 178 with brake resistor tum 
on voltage signal 180 to produce DC bus error signal 182. Brake resistor tum 
on voltage signal 180 is adjustable by CPU 149. 

[0038] DC bus error signal 182 from comparator 178 is used to control the 

modulation of switch 172 after being conditioned through proportional 
integral compensator 184, brake resistor temperature feedback limit 186, pulse 
width modulator 188, and gate drive 190. Switch 172 may be an IGBT 
switch, although other switches can be utilized. Switch 172 is controlled in 
accordance with the magnitude of DC bus voltage signal 176. CPU 149 (as 
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shown in FIG. 5) typically maintains the DC bus voltage to a selected value 
by appropriate control of the power flowing through load control module 146 
and engine control module 144. If a rise in the DC bus voltage is detected, 
switch 172 is modulated on and off to allow power to discharge through brake 
resistor 170 until the DC bus voltage is restored to the desired, selected value. 
[0039] As outlined above, a typical turbogenerator combustion system is a 

low emissions system including a gas turbine coupled with a recuperator. A 
relatively small amount of fuel is required at idle speeds because the 
recuperator is capable of supplying most of the energy required to sustain gas 
turbine operation. To achieve low emissions at operating speed, the fuel 
provided to the turbine combustor is diluted into a large volume of air, thereby 
resulting in a high air-to-fuel ratio (AFR) mixture that reduces the stability of 
the combustion. If the AFR increases beyond a certain level, combustion may 
cease and cause a flame-out, resulting in a time consuming shutdown and 
restart cycle. 

[0040] In a multi-injector combustion system, one approach to preventing 

flame-out is to operate on fewer injectors. When low levels of fuel flow are 
detected, the delivery of fuel to some injectors is turned off. By turning off 
injectors, fuel flow can be concentrated into fewer injectors to reduce AFR 
and increase combustion stability. At very low power levels, even operating 
on a single injector may not provide low enough AFR levels to prevent flame- 
out conditions. An example of a multi-injector combustion system suitable for 
use with the invention is described in United States Patent Application No. 
09/453,825, filed December 1, 1999 by Guillermo Pont et al., entitled "System 
and Method for Modular Control of a Multi-Fuel Low Emissions 
Turbogenerator" (now U.S. Patent No. 6,405,522), assigned to the same 
assignee as this application and incorporated herein in its entirety by reference. 

[0041] Referring to FIGS. 7 and 8, turbine combustor 22 has a plurality of 

liquid fiiel injectors, each controlled by a respective solenoid SOLI, SOL2, 
SOLS. Fuel shut/off solenoid 200 controls the flow of liquid fuel to manifold 
201, that can also receive compressed air through air shut/off solenoid 202. 
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The liquid fuel is supplied to manifold 201 by fuel pump 206 through filter 
204 and check valve 208. The compressed air is supplied to manifold 201 
from a compressed air source (not shown) through compressed air shut/off 
valve 210, compressed air regulator 212, and check valve 214. Check valves 
208 and 214 can be replaced by any other means for generating pressure and 
controlling flow. 

[0042] In operation, when the turbogenerator is commanded to shut down, 

fuel pump 206 (or fuel control valve) and fuel shut/off solenoid 200 are 
closed, thus stopping the flow of liquid fuel from the main fuel supply. At the 
same time, compressed air shut/off valve 210 and compressed air shut/off 
solenoid 202 are opened, allowing compressed air into fuel manifold 201. 
This air must be at pressures higher than the combustion chamber pressure to 
be able to force the fuel remaining in manifold 201 and injectors into the 
combustion chamber. The fuel in manifold 201 thus continues to flow through 
the injectors and into the combustor, thereby maintaining combustion for a 
short period of time following the shut down command. If combustion is 
interrupted, an igniter can be tumed on to re-establish and complete 
combustion of the purged fuel. 

[0043] The method of the invention ensures that the fuel passages and fuel 

injectors are free of liquid fuel following shutdown of the system, and that fuel 
that would otherwise be discarded is completely combusted. While this does 
result in continued power generation by the system for a short time after shut 
down is commanded, brake resistor 170 connected across DC bus 154 can 
absorb such excess power. The additional power generated can also be stored 
in energy storage device 150 or applied to load 148. 

[0044] The flow and pressure of the liquid fuel to manifold 201 may be 

controlled by a liquid fuel pressurization and control system such as described 
in United States Patent No. 5,873,235 issued February 23, 1999 to Robert W. 
Bosley et al., entitled "Liquid Fuel Pressurization and Control Method," 
assigned to the same assignee as this application and incorporated herein in its 
entirety by reference. 
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[004S] Referring to FIG. 8, compressed air for the shut down bum is available 

from air assist compressor 220 and associated filter 222, which supplies 
compressed assist air to air assist manifold 226 through air assist shut/off 
valve 224. Air compressor 220 may be regulated by measuring the air 
compressor discharge pressure and comparing this feedback to the predicted 
combustion pressure. The combustion pressure may be calculated based upon 
turbine speed, and a look-up table listing values for combustion pressure as a 
function of turbine speed may be built into the controller for use in regulating 
the air compressor during shut down purge. By regulating the air pressure, the 
fuel flow (which is a function of the pressure drop across the fuel injectors) 
during the shutdown bum is optimized to insure complete combustion of the 
fuel. 

[0046] Air assist compressor 220 may be a helical flow compressor such as 

described in United States Patent No. 5,899,673 issued May 4, 1999 to Robert 
W. Bosley et al., entitled "Helical Flow Compressor/Turbine Permanent 
Magnet Motor Generator," assigned to the same assignee as this application 
and incorporated herein in its entirety by reference. Such a compressor may 
be utilized as an air compressor as described in United States Patent No 
5,819,524 issued October 13, 1998 to Robert W. Bosley et al. entitled 
"Gaseous Fuel Compression and Control System," assigned to the same 
assignee as this application and incorporated herein in its entirety by reference. 

[0047] The present invention may be employed with turbogenerators using 

various types of fuel injectors, including airblast, or air assist atomizers, and 
pressure atomizers. Pressure atomizers would typically require higher air 
pressures to purge liquid fuel at shutdown. 

[0048] Having now described the invention in accordance with the 

requirements of the patent statutes, those skilled in the art will imderstand how 
to make changes and modifications to the present invention to meet their 
specific requirements or conditions. Such changes and modifications may be 
made without departing from the scope and spirit of the invention, as defined 
and limited solely by the following claims. 
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